The effect of various alkylguanidines on ion absorption and energy metabolism in oat (Avena sadva cv. Goodfileld) roots has been investigated. Of several alkylguanidines tested, octylguanidine was the most effective inhibitor of both K+ and Clr absorption by excised roots. At 225 JM octylguanidine, the transport of both ions was inhibited within 60 seconds and to a similar extent. Octylguanidine inhibited mitochondrial oxidative phosphorylation and mitochondrial adenosine 5'-triphosphatase (ATPase Inhibition by octylguanidine of K+ and Cl-absorption by excised oat roots may be due to an inhibition of either the plasma membrane ATPase or mitochondrial oxidative phosphorylation. The isolated plasma membrane did not appear to be permeable to octylguanidine since the plasma membrane ATPase was inhibited only after treating the membrane with Triton. This result indicates that the primary site of action of octylguanidine in excised root is more likely to be the plasma membrane ATPase than mitochondrial oxidative phosphorylation.
Inhibition by octylguanidine of K+ and Cl-absorption by excised oat roots may be due to an inhibition of either the plasma membrane ATPase or mitochondrial oxidative phosphorylation. The isolated plasma membrane did not appear to be permeable to octylguanidine since the plasma membrane ATPase was inhibited only after treating the membrane with Triton. This result indicates that the primary site of action of octylguanidine in excised root is more likely to be the plasma membrane ATPase than mitochondrial oxidative phosphorylation.
A variety of guanidine derivatives have been used clinically for the treatment of several human abnormalities including diabetes, malaria, botulism, and hypertension. The mode of action of the substituted guanidines is uncertain, but they are known to interfere with mitochondrial metabolism including ATP formation (2-5, 13, 14, 17, 19) and the energized transport of Na+ and K+ (9) . They also competitively inhibit K+ transport in yeast (18) and block the Na+ channel in nerve and muscle membranes (10) . K+ absorption by roots of barley was inhibited by octylguanidine (8) .
Guanidine is a strong organic base with a pKa of about 12.5.
At physiologic pH, all but a small fraction of the guanidine molecules exist as positively charged species, i.e. L2N NH ] L NH NH2 Alkylation of guanidine increases its inhibitory effect on energy transfer reactions of mitochondria (19) . Since the alkyl side chain renders guanidine more lipophyllic, positively charged alkylguanidines may interact with the phospholipids of membranes (21, 22) . However, a negative site or region of a protein, buried within the lipid, could be the target for the alkylguanidines (17) .
The basis for alkylguanidine inhibition of K+ absorption in plants has been investigated. In particular, we examined the effect of octylguanidine on energy transfer reactions of mitochondria and the plasma membrane of oat roots.
MATERIALS AND METHODS
Absorption Experiments. Roots from dark-grown 5-day old oat seedlings (A vena sativa L. cv. Goodfield) were used. Seeds were placed in rows between layers of cheesecloth and grown hydroponically over I mm CaSO4 for 5 days as described (12) . Absorption of K+ and CF-were determined with 86Rb and 36C1, respectively (I 1). Seedlings were removed from the cheesecloth screen and their roots cut into 1-cm segments. Segments from three roots (90-100 mg) were incubated in 10 ml of I mm KCI containing 8'Rb or 36C1 and different concentrations of alkylguanidines. The pH was adjusted with KOH or HCI. The experiments were conducted at ambient temperature (23 C), and continuous aeration was provided. The absorption period was terminated by collecting the roots on filter paper in a Buchner funnel and then transferring them to 50 ml of ice-cold washing solution (2 mm KCI and 0.5 mM CaSO4) for a 5-min period. Roots were collected again in the Buchner funnel, dried between paper towels, placed in tared glass vials, and weighed. Ten ml of scintillation fluid containing 10% Cabosil (1) was added to the vials, and the samples were counted for radioactivity in a liquid scintillation counter.
Mitochondrial Isolation. Oat roots were homogenized in a mortar and pestle using a homogenizing medium consisting of 0.25 M sucrose, 3 mm EDTA, 1 mm DTT, and 25 mm Tris-MES (pH 7.2). The brei was strained through four layers of cheesecloth and centrifuged at l,000g for 10 min. The supernatant was centrifuged at 8,000g for 10 min. The pellet was suspended in the homogenizing medium and centrifuged at 8,000g for 10 min. The washed mitochondrial pellet was suspended in 0.25 M sucrose containing I mm Tris-MES (pH 7.5) and I mg/ml BSA. Oxidative Phosphorylation. 32p incorporation into glucose-6-P by mitochondria was used for estimating oxidative phosphorylation. An aliquot (about 0.06 mg of protein) of the mitochondrial suspension was added to a l-ml (final volume) reaction mixture containing 5 mM KPO4 buffer plus 32p (pH 7.5), 0.5 mm NADH, 50 mM KCI, 3 mM MgSO4, 4 mm Na2 ADP, 40 mm glucose, and 0.5 mg/ml hexokinase. Inhibitor concentrations used are presented in table and figure legends. Incubations were carried out at 30 C for 5 min, and the reaction was stopped by adding 0.5 ml of 0.1 N HC104. The tubes were frozen in an acetone-dry ice bath. 32P incorporated into glucose was extracted and assayed according to Saha and Good (20) . Aliquots of the aqueous phase were brought to 15 ml with distilled H20 and counted for radioactivity using Cherenkov radiation.
Mitochondrial ATPase. For mitochondrial ATPase measurements, the mitochondria were further purified as follows. The final mitochondrial pellet obtained from the second 8,000g centrifugation was suspended in 2 ml of 15% sucrose, 1 mM MgSO4, and I mm DTT and layered into a 36-ml discontinuous gradient consisting of 9 (8) .
The pH of the external solution alters the rates of K+ and Clabsorption in roots (16) . This was confirmed for oat roots ( Fig.  2A) . Octylguanidine inhibited both K+ and Cl-absorption more as the pH increased (Fig. 2B) . Even though the rates of K+ and Cl-absorption were different at different external pH values, octylguanidine always inhibited K+ absorption slightly more than Cl-absorption. Plasma membrane ATPase of roots was inhibited only slightly by octylguanidine (Table III) . When membranes were treated with Triton X-100 prior to the assay, the ATPase was markedly enhanced, and octylguanidine was slightly more inhibitory. This suggested that the ATPase, in untreated membranes, was partially inaccessible to components of the reaction medium (ATP, Mg2+, KCI) as well as to octylguanidine.
To eliminate all permeability barriers, we varied the conditions of Triton treatment of plasma membranes. Conditions found to be important were: the concentrations of Triton during pretreatment and in the assay medium, concentration of sucrose during Triton treatment, temperature of Triton treatment, and concentration of membranes during Triton treatment (Table IV and Fig. 4 ). The optimum Triton concentration in the pretreatment solution, at a sucrose concentration of 13%, was 0.05% (Fig. 5A ). In this experiment the Triton concentration in the assay medium was 10-fold less than in the pretreatment solutions. At concentrations above 0.01% Triton in the assay medium, the ATPase activity was markedly depressed (Fig. 5B) .
Sucrose influenced the effect of Triton on ATPase activity (Fig. 5, C, D, and E). The plasma membrane fraction, after removal from the discontinuous gradient, contained 38% sucrose. For the experiment shown in Figure 5 C, the membrane fraction was diluted with either buffer or 38% sucrose to yield final sucrose concentrations of 13% (buffer diluted)' or 38% sucrose. The concentrations of Triton in the pretreatment and assay media were 0.05% and 0.005%, respectively. ATPase activity was less at higher sucrose concentrations, even when membranes were treated with Triton (Fig. 5C) 2X  3  151  118  22  5X  8  119  70  41  lOX  16  90  27  80  20X  32  41  17  58 Membranes were removed from the sucrose gradient and diluted to varying extents with 0.33 M tris-MES buffer, pH 6.5. The solutions were brought to 0.05% Triton X-100 and incubated for 10 min at 2C, and the Triton:
membrane protein (ug/ug) ratios were as shown. ATPase activity was determined in the presence of 3 mM MgSO4, 3 mM ATP, and 50 mM KC1.
Octylguanidine was 458 uM.
activity was found when membranes were diluted with buffer and then treated with Triton (Fig. 5C ).
Increasing concentrations of sucrose in the assay medium, following a 0.05% Triton pretreatment in 13% sucrose, also decreased ATPase activity (Fig. 5D) . ATPase activities in the presence of Mg or Mg + KCl were effected similarly by sucrose except for the slight stimulation of the Mg-ATPase at 10%o sucrose.
Optimum concentration of Triton in the pretreatment remained at 0.05% when the sucrose concentration of membrane fractions was maintained at 38% (Fig. 5E ). At higher sucrose concentrations, 0.1% Triton was not as inhibitory as at lower sucrose concentration (compare Fig. 5E with 5A) .
For all experiments shown in Figures 5A to 5E pretreatment was for 10 min at 2 C. Pretreatment for 10 min at 23 C, either in the absence or presence of Triton, decreased ATPase activity (Fig.  SF) . In the absence of Triton, the warm pretreatment decreased (Mg2+)-ATPase more than (Mg2+ + K)-ATPase activity.
Since sucrose decreased plasma membrane ATPase activity (Fig. 5, C, D , and E), we examined the effect of Triton and octylguanidine on ATPase in the absence of sucrose. ATPase activity of membranes which had been diluted with 0.33 M Tris-MES buffer (pH 6.5) (the final sucrose concentration was 13%), was compared with membranes which were diluted similarly, pelleted, and then suspended in buffer (final sucrose concentration was less than 1%) ( Table IV ). The ATPase activity was similar in both preparations except that KCI had less stimulating effect on ATPase of membranes which had most of the sucrose removed. Enhanced ATPase activity due to Triton and slight inhibition due to octylguanidine were approximately the same in both preparations. Sucrose, below a concentration of 13%, did not alter significantly the Triton and octylguanidine effects on ATPase activity.
The ratio of Triton to membranes had a pronounced effect on ATPase activity as well as on the inhibition of ATPase by octylguanidine (Table V) ATPase as the Triton:membrane ratio increased up to a ratio of 16 and then decreased at a ratio of 32.
When membranes were diluted lOx with buffer prior to Triton pretreatment, octylguanidine inhibited ATPase nearly 100%1o at 800 ,UM; half-maximal inhibition occurred at about 275,UM (Fig.   6A ). Octylguanidine was a much more effective inhibitor of the plasma membrane ATPase than the shorter chain alkylguanidines (Fig. 6B) . Although Triton treatment dramatically increased octylguanidine inhibition (Fig. 6B, +Triton) , the simple dilution of membranes (Fig. 6B, -Triton) , allowed the octylguanidine to inhibit the ATPase considerably (Fig. 6B, -Triton) . DISCUSSION Alkylguanidines inhibited both cation and anion absorption by oat roots (Fig. 1 ). Of the alkylguanidines tested, octylguanidine was most inhibitory. Octylguanidine inhibited bothK+ and Clabsorption over a pH range of4 to 8.5, but the extent of inhibition (of bothK+ andC1-) increased as the pH increased (Fig. 2B) . The increase in inhibition of both K+ and Cl-with increasing pH is of particular importance because the relative difference in absorption rates ofthe two ions was also becoming greater. This indicates that even though the rates of K+ and Cl-absorption can be different, transport of the two ions is tightly coupled to each other, i.e. inhibition of transport of one ion causes an inhibition of transport of the other ion. Furthermore, since K+ transport was inhibited more than Cl-transport, it is reasonable to conclude that octylguanidine inhibited the functioning of the K+ transport system primarily, and because of the tight coupling, this led to a decreased functioning of the Cl-transport system. This interpretation does not necessarily mean that the K+ transport system was specifically inhibited by octylguanidine; it could have been an indirect effect (such as a decreased supply of ATP) that had a greater effect on the K+ transport system than on the Cl-transport system.
An attempt was made to determine whether inhibition of ion transport by alkylguanidines was due to an inhibition of energy transfer reactions associated with either mitochondria or plasma membrane. Octylguanidine did inhibit oxidative phosphorylation (Fig. 3) and ATPase (Fig. 4) of isolated mitochondria as well as the plasma membrane ATPase (Fig. 6 ) of oat roots. Mitochondrial activities appeared to be more sensitive to octylguanidines than plasma membrane ATPase based on the concentrations of octylguanidine required to bring about a half-maximal inhibition of the various activities. In the intact tissue, the plasma membrane represents the first entity to come into contact with a potential inhibitor and the concentration of inhibitor that reaches the in situ mitochondria is unknown. From the magnitude of K+ and Clinhibition which occurred within 1 min (it varied from 20 to 60% depending on the external pH; see Fig. 2 ), it seems most likely that octylguanidine inhibition of ion transport was due to an inhibition of plasma membrane ATPase, rather than to an inhibition of mitochondrial ATP formation. This interpretation appeared to be supported by the comparative effects of various alkyl guanidines on ion transport (Fig. lB) , oxidative phosphorylation (Fig. 3B) , and the plasma membrane ATPase (Fig. 6B) . Ion transport and plasma membrane ATPase responded similarly to alkylguanidines. However, the magnitudes of inhibition differed considerably, whereas oxidative phosphorylation responded quite differently; short chain guanidines actually stimulated the latter. Mitochondrial ATPase (Fig. 4B) responded to alkylguanidines much like ion transport and the plasma membrane ATPase so the specificity of the various alkylguanidines on the various processes measured does not allow us to conclude whether the plasma membrane or the mitochondria was the primary site of interaction with the guanidines. In untreated plasma membrane vesicles, octylguanidine had almost no effect on ATPase (Table III) . Only after disrupting vesicles by dilution, or dilution and Triton treatment, was ATPase inhibited by the guanidines (Fig. 6 ). but at the same time became sensitive to octylguanidine (Table   V) . This high Triton to membrane ratio probably gave rise to both lipid-detergent micelles and protein-detergent micelles (23) . The decreased ATPase activity and the greater sensitivity to octylguanidine may have been due to the removal of certain lipids from the immediate proximity of the ATPase.
The failure of octylguanidine to inhibit plasma membrane ATPase prior to disrupting the vesicles with Triton X-100 suggests that the lipophyllicity of the compound is insufficient to permeate or solubilize fully in the membranes. This supports the contention that-the primary inhibitory effect of octylguanidine on ion transport in intact cells was at the plasma membrane rather than on the mitochondria.
The inhibitory effect of high Triton concentrations (also high Plant Physiol. Vol. 61, 1978 Triton to membrane ratios) on plasma membrane ATPase (Fig. 5,  A and B) could also be due to the removal of essential lipids.
Sucrose prevented the increase in the Mg2" + K+ ATPase activity brought about by 0.05% Triton (Fig. 5E ). This observation may also be related to decreased ATPase activity observed with sucrose in the reaction medium (Fig. 5D) . In both cases, sucrose could perhaps make the membrane vesicles less leaky which could cause a build-up of inhibitory levels ofinternal H+ or OH-. The complex interaction between Triton and sucrose on the ATPase needs to be examined further.
